We present multicolor light curves of SN 1998bw which appeared in ESO184-G82 in close temporal and spacial association with GRB 980425. They are based on observations done at Cerro Tololo Inter-American Observatory and data from the literature. The CTIO photometry reaches ∼86 days after the GRB in U and ∼160 days after the GRB in BV (RI) C . The observations in U extend by about 30 days the previously known coverage, and determine the slope of the early exponential tail.
Introduction
Stripped envelope core-collapse Supernovae (SNe) remain one of the open frontiers for basic observational work on SNe. Without the appeal of Type Ia and Type II SNe which, through different techniques can be used as distance estimators, their follow up is typically neglected when they are discovered in SN searches, unless they are particularly bright or display puzzling peculiarities. As a consequence, progress in this area comes at a slower pace.
After a peak in activity during 1993-1995, which resulted mainly from the impact of the bright and well observed SNe 1993J and 1994I, the field of these "exotic" SNe entered a time of slower productivity. In 1998, however, a long-duration γ-ray burst (GRB) provided a new insight into core-collapse SNe, and gave new incentives to justify their follow up. The association of long-duration, soft-spectrum GRBs with SNe has been explored in many publications (Woosley & Bloom 2006; Hartmann 2010; Wheeler & Akiyama 2010) . It is now considered that most long-duration soft-spectrum GRBs are accompanied by massive stellar explosions.
One of the events that made a significant contribution to establish the connection GRBSNe was SN 1998bw / GRB980425 (Galama et al. 1998) . It was the target of extensive coverage both in terms of wavelength range and time span, and subject of many theoretical studies to understand the nature of the progenitor and details of the certainly asymmetric explosion.
SN 1998bw was discovered after a search triggered by GRB980425, 1.6 arc-minutes away from the center of the 8 arc-minute error box of the Wide Field Camera of BeppoSAX (Galama et al. 1998) . After some initial confusion, it was recognized as a peculiar Type Ib/c SNe (Saddler et al. 1998) . It appeared superimposed on a complicated background, as became clear with the exquisite resolution of HST (Patat et al. 2001) . Hence, while simple aperture photometry, or Point Spread Function (PSF) fitting photometry, were reasonable approaches when the SN was bright, more sophisticated techniques became necessary, when it was fading on. Galama et al. (1998) presented the first set of observations in the optical and near infrared passbands. Their light curves start as early as ∼17 hours after the GRB, in V and R C , and extend up to ∼57 days after the GRB with UBV (RI) C coverage. They use simple aperture photometry to estimate the SN brightness. McKenzie & Shaeffer (1999) present BV I C photometry, from ∼64 up to ∼187 days after the GRB. Patat et al. (2001) present an extensive set of observations, including spectroscopy, spectropolarimetry, and photometry. The later spans the range from 323 up to 426 days after the GRB, and the brightness is measured with Point Spread Function (PSF) fitting photometry using a software specifically designed for analyzing point sources superimposed on bright, spatially variable, backgrounds. Sollerman et al. (2002) present BV (RI) C photometry that extends from 140 up to more than 500 days after the GRB, and includes data from a reanalysis of the images used by Patat et al. (2001) . They estimate the SN brightness by doing PSF fitting photometry on images where the background light of the galaxy had been removed using very late, high quality images. Finally, Fynbo et al. (2000) analyze very late HST images of ESO184-G82 taken through non standard passbands, and provide estimates of the SN brightness more than 750 days after the GRB.
The main purpose of this paper is to present an independent set of photometric observations done at Cerro Tololo Inter-American Observatory between June and October of 1998, from ∼40 up to 160 days after the GRB. The CTIO observations overlap most of the data sets mentioned above, and our U band observations reach about 30 days later than those published so far.
We purposely calibrated our photometry with the same set of local standards used by Galama et al. (1998) for the early light curve, and Sollerman et al. (2002) for the very late light curve. Therefore, if S-corrections (Pignata et al. 2004 ) between the different realizations of the passbands are not large, these data sets could be straightforwardly merged. This provides a secondary goal for this paper. We merge our data with the earlier set of Galama et al. (1998) and later set of Sollerman et al. (2002) providing an ensemble of 300 UBV (RI) C observations, spanning from about 15 days before up to more than 500 days after maximum light, consistently calibrated with the sequence of local standards as defined by the CTIO realization of the standard photometric system. Finally having this photometry available, it is possible to obtain multicolor, unreddened, rest frame light curves, as well as quasi-bolometric light curves. We do so providing fits to the photometry that extend more than ∼80 days after the GRB with UBV (RI) C coverage, and close to 500 days after the GRB with only BV (RI) C .
In §2 we present our observations, in §3 we describe the comparison and merging of our data with those already published, and the computing of K and extinction corrections to obtain the rest frame unreddened light curve of SN 1998bw, which we present interpolated with low degree piecewise splines. Finally, in §4 we summarize our work.
Observations
The CTIO observations started ∼40 days after the GRB (about a month after maximum light). The 0.9m telescope with a direct CCD camera attached was used. The detector was a TEK 2048 CCD, with a pixel size of 24 µ, providing a scale of 0.396 arc-seconds per pixel.
The passbands routinely used were the standard UBV (RI) C of the Johnson, Kron-Cousins photometric system (Kron & Smith 1951; Johnson 1955; Cousins 1976) . BV (RI) C images were taken on 15 nights while U images were taken on 12. Five of those nights appeared to be photometric, and extensive sets of standards from the lists of Landolt (1992) were observed as well, to fit color terms for the instrument and extinction coefficients for the nights.
Reduction of the images was done in the usual manner within the IRAF 1 environment. Briefly, images were trimmed, bias-corrected, and flat-fielded. A sequence of isolated stars with good signal to noise ratio was located and used to build a variable PSF for each image using the package DAOPhot (Stetson 1987) . The PSF is later fitted to all the stars of the local photometric sequence indicated in Figure 1 , and the SN, to estimate their instrumental magnitudes. Using the instrumental magnitudes, the UBV (RI) C magnitudes for the local sequence and the color terms for the instrument that had been measured in the photometric nights, we transformed the instrumental PSF magnitudes of the SN into calibrated magnitudes.
After reduction, two of the five supposedly photometric nights gave larger than expected residuals for the photometric fits. Then, they were used in the fitting of color terms, but not in the absolute calibration of the sequence of local standards. The magnitudes of the local sequence of standards is given in Table 1 . The photometry of SN 1998bw is given in Table 2 , under reference code (2), and plotted in Figure 2 .
Light Curves

Merged Photometry
The photometry presented above can be joined with data published elsewhere to build a well sampled and extended multicolor light curve of SN 1998bw. After comparing our raw observations with those of Galama et al. (1998); McKenzie & Shaeffer (1999) and Sollerman et al. (2002) , we decided to join our data with those of Galama et al. (1998) and Sollerman et al. (2002) . At early times, the data of Galama et al. (1998) is unique, and must be considered. At late times, the data of Sollerman et al. (2002) include a reanalysis of the images used by Patat et al. (2001) , and corresponds to PSF photometry on images with the background subtracted. An additional consideration is that Galama et al. (1998) and Sollerman et al. (2002) calibrate the photometry using a common set of 15 local standards while McKenzie & Shaeffer (1999) use a different local sequence.
After a careful comparison, we found phase dependent systematic differences between our photometry and that of McKenzie & Shaeffer (1999) . They are probably the result of slightly different realizations of the photometric passbands combined with the non stellar character of the spectrum of SN 1998bw, the different set of local standards used, and the different technique applied to estimate the SN brightness (aperture versus PSF photometry). The effects of bandpass differences causing large systematic errors in supernova photometry has been known for quite a while (Suntzeff et al. 1988 ). Since our earlier data are coincident in time with those of McKenzie & Shaeffer (1999) , and at late times our data merges already with those of Sollerman et al. (2002) we decided not to use the observations of the former in our combined light curve.
We also found small systematic differences between our photometry and that of Galama et al. (1998) and Sollerman et al. (2002) as well. Within the uncertainties, however, the differences were constant with SN phase. We took this as an indication of negligible S-corrections between our photometry and those of either Galama et al. (1998) or Sollerman et al. (2002) . Since the three studies had in common a sequence of 15 local standards, it was possible to fit zero points and relative color terms between the two sets, and transform all the observations to the system defined by the magnitudes of the local standard set given in Table 1 . The transformed magnitudes merge very well. The transformed photometry from different sources is consistent within the uncertainties. It is particularly reassuring that they merge very well at our latest times in the passbands R C and I C , which are those where the effect of the S-corrections are expected to be strongest (see Figure 3 ). Since Sollerman et al. (2002) , who obtained the very late time photometry shown in the figure, did correct the observations for background light contamination and we did not, this means in addition, that as late as ∼160 days after the GRB, contamination by background light was not critically important, and that our PSF fitted photometry is not biased.
The transformed photometry is given in Table 2 under reference codes (1) and (3), and plotted in Figure 2 together with the new data presented here. In addition to providing a consistently calibrated bridge between the photometry of Galama et al. (1998) and that of Sollerman et al. (2002) the CTIO observations define the slope of the early exponential tail in U, which was not known.
The Unreddened Rest Frame Light curves
To compute the intrinsic light curve of SN 1998bw, it is necessary to correct the photometry for the effect of extinction by foreground material and apply K-corrections to transform it to the rest frame of ESO184-G82. It is always a challenge to compute the extinction towards an object of exotic type, like SN 1998bw, because the intrinsic colors are not known. All the indications, however, suggest that the amount of foreground matter between us and the SN is small. The Galactic dust towards ESO184-G82 contributes A V ∼ 0.2, according to Schlegel, Finkbeiner & Davis (1998) , up from the earlier value of A V ∼ 0.05 given by Burstein & Heiles (1982) . Patat et al. (2001) obtained high resolution spectra of SN 1998bw near maximum light. They did not find Na D absorption lines neither at the redshift of ESO184-G82 nor zero, and set upper limits to the extinction consistent even with the higher estimate of Schlegel, Finkbeiner & Davis (1998) .
The peculiarities of the spectrum of SN 1998bw and the fact that it evolves in time prompted us to compute a time dependent extinction in each passbands using the excellent series of spectra of Patat et al. (2001) , which is publicly available. We took the transmittance of the BV (RI) C passbands given by Bessell (1990) , transformed them from energy-based to photon-based units, convolved them with a typical CCD quantum efficiency, the spectral response of two aluminum coated surfaces, and a typical response of the sky telluric absorption bands, and used this combined sensitivity curves to compute the difference in magnitudes between the unreddened and reddened spectra of SN 1998bw. The differences between the extinction computed in this way and a constant are small but they vary with time, allowing for small systematic changes in the trends of the light curves.
The extinction law towards γ-ray bursts has deserved some attention (see Liang & Li 2010, and references therein) . It has been found that, in some cases, the extinction estimated from the γ-ray burst spectrum is different from that of the Milky Way or Magellanic Clouds. When there are differences, however, they are typically marked in the UV, at wavelengths below ∼2500Å, and modest at longer wavelengths. This, together with the low estimate of the extinction towards SN 1998bw, make it reasonable to assume a typical Milky Way extinction law to unredden the lights curves presented here. We take as a model the extinction curve of Cardelli, Clayton, & Mathis (1989) with R V = 3.1.
Similar considerations apply to the K-corrections, which, at the redshift of ESO184-G82 (z = 0.0087, Foley et al. 2006) , are expected to be small, but still variable in time. We used the passbands of Bessell (1990) , prepared as stated above and the spectra of Patat et al. (2001) to compute the time dependent K-corrections of SN 1998bw.
Using the computed reddening and K corrections unreddened and transformed to the rest frame the photometry of SN 1998bw given in Table 2 . The results, fitted with lowdegree piecewise polinomial and/or spline fits to provide daily sampling, are presented in Table 3 . The uncertainties given in the table are the result of combining in quadrature the uncertainties of photometry, reddening and K-corrections.
Having the multicolor rest frame photometry it is possible to convert the observed single-bandpass light curves into monochromatic fluxes at the effective wavelengths of the passbands, integrate them over frequency, and obtain quasi-bolometric light curves that include the energy output in all the observed bands (Suntzeff & Bouchet 1990) . We used the zero-points of Bessell (2000) and integrated the monochromatic fluxes using a trapezoid rule. We did not extrapolate the flux beyond the limits of the U (or B) and I C passbands. The distance to ESO 184-G082 was taken to be 37.3 ± 2.6 Mpc, as computed by the NED database 2 from the redshift measured by Foley et al. (2006) , a Hubble constant of 74.2 km s −1 Mpc −1 (Riess et al. 2009) , and a the model of the local velocity field given by Mould et al. (2000) . The UBV (RI) C and BV (RI) C luminosities have been included in Table 3 .
Conclusions
We present 72 new photometric observations of SN 1998bw in the UBV (RI) C bands, spanning from ∼40 up to ∼60 days after the GRB. Our U data extends by about 30 days the previously known coverage and sample the early exponential tail.
We collect previously published photometry and transform it to our realization of the standard system using relative zero points and color terms measured from the common local standard sequence. We show that data from different sources merges smoothly, providing a homogeneous set of 300 observations covering about 500 days since explosion.
Finally, we use the extensive series of spectra in public domain to compute time dependent reddening and K corrections and compute the unreddened rest frame multicolor and quasi-bolometric light curves. We fit them with low degree piecewise splines to provide daily sampling and give the results as a table.
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